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ABSTRACT

A new design of a torsion balance for study of adhesion of ceramics is discussed. A tor-
sion wire and a linear variable differential transformer are used as the sensing mechanism
to monitor Toad and to measure pull-off force (adhesion force). The results of the investi-
gation suggest that this torsion balance has proven to be valuable in studying the interfa-
cial properties of ceramics in controlled environments such as in ultra high vacuum. The
pull-off forces measured in dry, moist, and saturated nitrogen atmosphere demonstrate that
the adhesion of silicon nitride to silicon nitride contacts remains low at humidities below
80 percent but rises rapidly above 80 percent. The adhesion at saturation is 10 times or
more greater than that below 80 percent relative humidity. The adhesion in a saturated
atmosphere arises primarily from the surface tension effects of a thin film of water
adsorbed on the surfaces. The surface tension of the water film was calculated as 58x10-5
to 65x10-2 N/cm; the accepted value for water is 72.7x10-3 N/cm. Adhesion characteristics
of silicon nitride in contact with metals, like the friction characteristics of silicon car-
bide to metal contacts, can be related to the relative chemical activity of metals in ultra
high vacuum. The more active the metal, the higher is the adhesion.

INTRODUCTION

A crucial factor in the structural performance of ceramics, ceramic matrix composites, and
ceramic coatings for use as components of advanced propulsion systems such as gas turbines
and adiabatic diesel engines is the joining of ceramics to metals, the fiber/matrix bonding,
or the coating/substrate bonding. Adhesion is developed in joining, bonding, and film for-
mation processes. Adhesion also occurs in friction and wear processes of ceramics result-
ing in high friction and heavy surface damage. This is of importance in determining the
high-temperature phenomena and the life of ceramic components. Therefore, adhesion of
ceramic surfaces at high temperatures is of interest to those concerned with materials and
process technology as well as the understanding of key phenomena of ceramics

(References 1 to 7).

Adhesion has been extensively studied for metals and polymers, but only recently examined
for ceramics (References 8 to 18). There is far less understanding of the forces and bond-
ing if two pieces of ceramics are brought into contact, especially in the case of high-
temperature phenomena.

Adhesion is a manifestation of mechanical strength over an appreciable area and is due to
many factors including chemical bonding and the fracture processes involved in failure of
the interface. The strength of adhesion is expressed as the force to pull the surfaces
apart and is called the pull-off force to distinguish it from thermodynamic adhesion and
from surface forces (Reference 19). The pull-off force undoubtedly depends on the area of
real contact, the interfacial bond strength, the micromechanical properties of the inter-
face, and modes of junction rupture. Unfortunately, there is no satisfactory theory or
experimental method for determining the area of real contact. Factors which influence the
adhesion and deformation behavior of ceramics such as vibration and environment also need
to be considered. The problem of vibration may cause junction growth in the contact zone.
There are many unknown and unresolved problems, and adhesion studies of ceramics are best
performed only through refined experiments under carefully controlled laboratory condi-
tions, such as in a high vacuum or in an inert gas in order to avoid secondary effects.

This paper attempts to describe an adhesion measuring apparatus, which allows measurements
in ultra high vacuum even at high temperatures up to 1200 °C, developed by the present



authors. The materials which have been considered are ceramic and fiber materials such as
silicon nitride and silicon carbide. In this paper, however, adhesion of silicon nitride
will be discussed.

The apparatus was adapted for this purpose from the Cavendish balance used in measuring
gravitational forces in 1798 and also from a similar balance invented by Coulomb in 1784 to
1785 for studying forces of electrical attraction and repulsion (References 20 and 21).
After a description of the principles of this method, the adhesion apparatuses, and experi-
mental procedures, some results obtained from pretests were first described and are used to
evaluate the performance of the torsion balance. In the pretests forces of magnetic attrac-
tion were examined using the torsion balance. Two types of adhesion experiments were con-
ducted to examine the adhesion behavior of silicon nitride. The first is conducted with
silicon nitride in contact with itself in dry, moist, and saturated nitrogen and the second
is conducted primarily with silicon nitride in contact with transition metals in vacuum.

THE PRINCIPLE AND ANALYSIS OF SPRING STIFFNESS
The Principle of Operation

The adhesion measuring apparatus used in this investigation is a torsion balance adapted
from the Cavendish balance. The torsion balance consists of a mass m and a sensor, such
as an electromechanical transducer, mounted at opposite ends of a horizontal rod which is
supported at its center by a vertical wire, such as a music wire (Figure 1). Another mass
M is brought up to the position shown. In order to use the balance, the mass M is moved
toward the mass m, presses against it and twists the wire through a small angle with a nor-
mal force, the normal loading process, thereby moving the sensor. The mass M is then
gradually moved horizontally backward until the two masses m and M are pulled apart in
a normal direction, the unloading process. If the force of adhesion between the two masses
m and M is zero, the mass M separates from m at its original position and untwists
the wire, thereby moving the sensor back to its original position. If an adhesive force
between the two masses m and M is present, the force twists the wire as mass M moves
backward until the wire develops sufficient force to separate the surfaces of masses m

and M in the normal direction.

In this system, the attractive force of adhesion and the force required to pull the sur-
faces of the two masses apart, the pull-off force, act along a horizontal direction without
the effect of gravity. The weights of all the components (such as rod, sensor, wire, etc.)
act in the vertical direction due to gravity.

By using a fine music wire in the practical adhesion apparatus, the displacement of the
mass m may be made sufficiently large so that the adhesion, that is, pull-off force, can
be measured accurately.

Torsional Spring Stiffness of Wire

In order to find the type of motion performed by the torsion balance after the mass has
been displaced from its neutral position and to determine the value of torsional spring
stiffness of the wire used in the torsion balance, a simple spring-mass system, a torsional
pendulum, shown in Figure 2 was considered (References 22 and 23). The torsional pendulum
is suspended vertically with the wire. Figure 2(a) presents the side view of the system
consisting of a mass with moment of inertia J about the wire axis, suspended by the wire
of stiffness K. Figure 2(b) presents an end view. In other words, an irregular body is
simply attached to the spring wire in such a way that the mass is forced to rotate about
the axis of the wire. The system is also used to determine experimentally the stiffness

K of the spring materials, that is, the spring constant k of wires used in this study.

It is assumed in the following formulas that a wire spring is in no case stressed beyond
the elastic limit (i.e., that it is perfectly elastic) and that it is subject to Hooke's
law. A1l external torques acting on the suspended mass are considered positive clockwise
when viewed from below (see Figure 2).

A free-body diagram of the mass with all the torque acting on it is shown in Figure 2(c).

Because of the twist © of the wire, a counterclockwise torque K6 is exerted, and Hooke's

law gives q = -K8. For convenience a torque is usually drawn in such a direction that

minus signs are avoided, and the free-body diagram of figure 2(c) is obtained. For a solid

circular wire of diameter d and length L, the torque q is represented by the formula
-6GI
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The torsional stiffness K is then given by the formula

GI 4
__p _nGd
K=T =732 )
Applying Newton's law gives -K& = J8, or
¥ +Ke =0 (3)

which is the differential equation of the harmonic oscillator. Introducing the quantity

W= K (4
in Equation (3) puts it in the following form:
9 + mne =0 (5)

The solution is given as

6 =A cos(wnt -y (6>

where t is the time and w, is the natural angular frequency which is 2r times the
natural frequency fp. The constants A and y are determined by the way in which the
motion was started. The motion in this case is harmonic with the constant A, the arbi-
trary amplitude, and the constant vy, the arbitrary phase angle between the motion and the
reference motion cos wpt.

The natural frequency fj of the system is then given by the expression

1 JK
fn = 7 3 (7

The natural period of the motion is therefore

J
T, = 21"/;; (8)

It is to be noted from Equation (8) that the natural period of the vibration decreases with
the spring stiffness K, which is a measure of the restoring force, increases with an
increase of mass m (i.e., with moment of inertia J), and is wholly independent of the arbi-
trary constants A and .

If additional irregular bodies (masses) having the moment of the inertia AJ are simply
attached to the slender wire in such a way that the axis of one of their principle moments
of inertia coincides with the axis of the wire, the total moment of inertia about the sus-
pension axis is given as J + AJ (Figure 2(d)). From Equation (8), the natural period of
the oscillation =tpy for J + 4J would be

J + A

Ty = 2w 4 9

By measurement of the natural periods =tp and =<7 of the oscillations, the value K of
the torsional stiffness is then obtained from Equations (8) and (9) in the form

2
47"AJ
12 i tz 1o
nl n

K =

This is a convenient form in which to determine experimentally the torsional stiffness K
of a wire.

The torsional spring stiffness of wire can be determined experimentally also by the tor-
sional moment-deflection relationship q = -K& for a slender wire (Figure 3). 1In Figure 3
is shown a view of the pendulum consisting of the wire and rod held horizontally. The
weight AMg s attached to the rod at a distance a from the wire. The torque gq s
given as q = AMg a (Figure 3(b)), and the torsional stiffness of wire is given by
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AMg a
Ks—5 an

Thus, the stiffness K of the spring materials can be determined experimentally using
Equation (2), (10) or (11).

MATERIALS

Hot pressed polycrystalline magnesia doped silicon nitride and sintered polycrystaliine
magnesia-partially stabilized zirconia (Mg-PSZ) were used in the adhesion experiments
(References 24 and 25).

A1l metals used in the experiments were also polycrystaliine. The titanium was
99.97 percent pure, and all the other metals were 99.99 percent pure.

APPARATUSES

Two apparatuses used in this investigation were based on the torsion mechanism. One was
used for the pretests in carefully controlled laboratory air. The second apparatus was

used for the adhesion experiments of the ceramics and was placed in a vacuum chamber

(Figure 4). They were basically a pin on a flat configuration, as typically shown in

Figure 4. The flat (or the pin) was mounted on a support and retained on a micrometer-
head-screw-driven platform moved by an electric motor. The pin (or flat) was mounted on

one end of a movable beam. A free-moving, rod-shaped magnetic core was mounted on the other
end of the beam. The coils of a linear variable differential transformer were mounted on a
stationary beam. There was no physical contact between the movable magnetic core and the
coil structure. The movable beam was supported by a music wire acting as a torsion spring.

The flat (or the pin) specimen was moved toward the pin (or the flat), pressed against it
with a known force, and then moved back horizontally until the pin and flat were pulled
apart. The displacement of the moving pin (or the flat) was continuously monitored using
the linear variable differential transformer during experiments. The displacement of the
pin (or the flat) provided a measure of the applied normal load or pull-off force, adhesion.

EXPERIMENTAL PROCEDURES
Specimen Preparation

The contacting surfaces of the ceramic specimens were hemispherical or flat and were pol-
ished with diamond powder 3 um and 1 um in diameter. The polished faces had smooth,
bright, Tustrous surfaces. The radius of curvature of the hemispherical silicon nitride
pins were 1.6 mm.

The contacting surfaces of the metals were hemispherical and were polished first with
diamond powder 3 um and 1 pm in diameter and then with aluminum oxide powder lum in
diameter. The radii of curvature of the metal pins were 0.79 or 1.6 mm.

A1l the specimens used in this investigation were rinsed with absolute ethanol before the
experiments.

Procedures
The pretests and two types of adhesion measurements for silicon nitride were conducted.

As pointed out previously, the stiffness K of the music wires can be determined by Equa-
tion (2), (10), or (11). The results are presented in Table 1. Using the values of the
stiffness K obtained from Equation (10), the torsion balances were calibrated to measure
force and were used to determine unknown forces acting on the torsion wires. The force act-
ing on the torsion wire is directly proportional to the deflection of the movable beam, as
monitored by the linear variable differential transformer.

Pretests - The pretests were conducted in laboratory air with hemispherical ferrite pins
(NiQ, 11.0; In0, 22.2; Fep03, 66.0 at %) in contact with flat surfaces of microscope slides
made from high purity glass. A permanent magnet (magnetic flux density, 1200 G) was mounted
behind a stack of glass flats and retained in a vice mounted on a micrometer-head-screw
driven platform moved by an electric motor (Figure 5). The thicknesses of the glass flat
stacks were 5.71 to 7.84 mm. The ferrite pin was mounted on one end of the movable beam.

The magnetic induction or magnetic flux density B, which the permanent magnet produced at
the site of contact between the ferrite pin and glass flat, was also measured with a conven-
tional Gauss-meter sensor in contact with the surface glass flat.



For pull-off force measurements, the pin specimens were brought into contact with the flat
specimens by moving the micrometer-head-screw forward at speeds of 3.7, 1.8, or 1.2 mm/s.
Contact was maintained for 20 to 30 sec and then the pin and flat specimen surfaces were
pulled apart by moving the micrometer-head-screw backward. The displacement of the pin was
monitored by a linear variable differential transformer.

Adhesion Measurements - The first set of experiments was conducted in dry, moist, and sat-
urated nitrogen atmosphere. The entire torsion balance was placed in the chamber presented
in Figure 4.

After dry nitrogen was admitted into the system, the silicon nitride pin and flat specimens
were placed in the experimental apparatus and maintained in dry nitrogen for 15 min.
Adhesion measurements were then conducted in dry nitrogen. Further, the atmosphere was
humidified to the desired retative humidity by admitting humid nitrogen into the system and
adhesion measurements were conducted in the humid nitrogen.

The second set of experiments was conducted in vacuum. The pin and flat specimens were
placed in a vacuum chamber, and the system was evacuated and baked out to achieve a pres-
sure of 30 nPa (Figure 4). In-situ adhesion experiments were first conducted with the
as-received specimens in a 30 nPa vacuum. Further, ion-sputter etching of the pin and flat
specimens was performed with a beam energy of 3000 eV at 20 mA beam current with an argon
pressure of 0.7 mPa. The ion beam was continuously rastered over the specimen surface.
After sputter etching, the system was reevacuated to a pressure of 30 nPa or lower and then
in-situ adhesion measurements were conducted with the ion-sputter cleaned specimens in a

30 nPa vacuum. The surface cleanliness of the pin and flat specimens was verified by x-ray
photoelectron spectroscopy analysis.

For adhesion measurements both in nitrogen and in vacuum, the pin specimen was brought into
contact with the flat specimen by moving the micrometer-head-screw forward at a speed of
0.30 mm/min in a controlled nitrogen atmosphere. Contact was maintained for 30 sec and the
pin and flat specimen surfaces were pulled apart by moving the micrometer-head-screw back-
ward. The displacement of the flat specimen was monitored by a linear variable differen-
tial transformer.

RESULTS AND DISCUSSION
Pretests

The magnetic field which the permanent magnet produced at the contact site between the fer-
rite pin and the glass flat was primarily responsible for the measured pull-off force
(Figure 5.).

The magnetic field B at the distance t from the permanent magnet having magnetic moment
My is given by

] (12

from References 26 and 27. In the equation the magnetic field B is strongly related to
the distance t.

Figure 6 presents data for magnetic flux densities B measured as a function of the dis-
tance t, which is the spacing between the surfaces of the permanent magnet and the Gauss-
meter sensor. The data reveal a decrease in magnetic flux density with an increase in
distance. The relation between the magnetic flux density B and the distance t s given
by an expression of the form B « t-3 “from Figure 6. The -3 power is interpreted using
Equation (12).

The force of magnetic attraction F acting on the ferrite pin due to the existence of the
permanent magnet is theoretically given by (Reference 27)

MM
Fo—12 (13)
2myu t*
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where

M1 magnetic moment of the permanent magnet

My, magnetic moment of the ferrite pin

po the permeability of vacuum

t the distance between the permanent magnet and the tip of the pin specimen

Further, the relationship between the attractive force F and the magnetic flux density
B is theoretically given by

M 173
F=—2 <§!) g4/3 (14

Figures 7 and 8 present the pull-off forces necessary to separate the ferrite pin from the
surface of the glass flats. MWhen the ferrite pin detaches from the glass surface, the
applied pull-off force is balanced by the magnetic attraction acting in the opposite direc-
tion. The pull-off forces of the ferrite-glass contacts shown in Figures 7 and 8 are due
primarily to the magnetic attraction. The narrower the distance between the permanent mag-
net and the ferrite pin, the greater the pull-off force required (Figure 7). Equivalently
the higher the magnetic flux density B, the greater the pull-off force (Figure 8). The re-
lationships of the pull-off force to the distance t and to the magnetic flux density B
are given by two expressions F « t=% and F « B*/2, respectively, from Figures 7 and 8.
The -4 power and the 4/3 power are interpreted using Equations (13) and (14), respec-
tively. Note that there were no changes in pull-off force with contacting and separating
speeds of 2.2, 1.1, and 0.72 mm/min.

Adhesion Measurements

Nitrogen Atmosphere - For a hemispherical silicon nitride pin in elastic contact with a sil-
icon nitride flat in dry, moist, and saturated nitrogen, adhesion remained Tow at humidities
below 80 percent but rose rapidly above 80 percent (Figure 9). Note that there was no
change in adhesion with normal load in the range of 0.2 to 0.8 mN in dry, moist, and satu-
rated nitrogen.

It is anticipated that the adhesion observed in a saturated nitrogen atmosphere arose pri-
marily from the surface tension effects of a thin film of water adsorbed on the silicon
nitride surfaces. The happenings at the interface may be visualized as follows: a silicon
nitride pin is essentially in elastic contact with a silicon nitride flat surface, with a
thin film of water between them (Figure 10(a)). When the normal load is removed and the
elastic stresses within the bulk of the specimens are released, the interfacial junctions
are broken one by one. When the pin (of radius R) detaches from the flat (Figure 10(b)),
the applied separation force is balanced by the surface tension of a thin film of water
resisting the extension of the surface. Suppose the liquid collects to form a pool at the
tip of the hemispherical pin and the radius of curvature of the profile of the meniscus is
r. If the meniscus is very small (r << R) and the liquid completely wets the surface
(i.e., the contact angle is zero), the pressure p inside the liquid is less than atmos-
pheric pressure by approximately T/r, where T is the surface tension of the liquig.

This acts over an area wal of the water pool, giving a total adhesive force of prra2
(i.e., macT/r>. To a close approximation aZ = 2R x 2r, where R is the radius of curva-
ture of the spherical surface. The resulting adhesive force is the following

(see References 16 and 28):

7 = &Rrr (}) - 4mRT (15)

Adhesion is thus independent both of the thickness of the water film and the applied normal
Toad. The surface tension calculated from these results (Figure 9) is 58x10-2 to

65x10-3 N/cm. The accepted value for water is 72.7x10-3 N/cm. This discrepancy may be due
to the surface roughness and irregularities of roundness or flatness of the silicon nitride
specimens. The irregularities can affect the radii of curvature of the hemispherical pin
and meniscus.

Vacuum - Adhesion experiments were conducted with silicon nitride in contact with metals

and ceramics in vacuum. Typical results are presented in Figure 11. The marked difference
in adhesion for the as-received and the jon-sputter cleaned specimens shows the effect of
adsorbates on the adhesion properties. The pull-off forces for metals and ceramics contact-
ing silicon nitride flats in the as-received condition were relatively small. However,
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removing adsorbed films from the surfaces of ceramics and metals resulted in strong interfa-
cial adhesion, when two such solids were brought into contact.

Pauling, in the 1940's, formulated a resonating-valence-bond theory of metals and inter-
metallic compounds in which numerical values could be placed on the bonding character of

the various transition elements (Reference 29). Since the d-valence bonds are not com-
pletely filled in transition metals, they are responsible for such physical and chemical
properties as cohesive energy, shear modulus, and chemical stability. The greater the
amount or percentage of d-bond character that a metal possesses, the less active is its sur-
face. While there have been critics of this theory, it appears to be most plausible in
explaining the interfacial interactions of transition metals in contact with ceramics as
well as with themselves. It was found that the coefficient of friction for transition met-
als in contact with themselves or ceramic materials such as silicon carbide depends heavily
on the d-bond character of the metal (References 8 and 30). These data indicate a decrease
in coefficient of friction with an increase in d-bond character, as predicted from Pauling's
theory.

The pull-off force of various metals in contact with the hot-pressed polycrystalline sili-
con nitride is presented in Figure 12 as a function of the d-bond character of the transi-
tion metal. The adhesion properties of metal-silicon nitride contacts, like the friction
properties of metal-silicon carbide sliding contacts, are related to this character. The
greater the percentage of d-bond character, the less active is the metal and the lower is
the adhesion. Conversely, the more active the metal, the higher is the adhesion. Tita-
nium, which is a chemically active metal, exhibits a considerably higher adhesion in con-
tact with silicon nitride than does rhenium, which is a metal of lesser activity.

CONCLUDING REMARKS

Based upon the development of adhesion measuring equipment and fundamental studies of adhe-
sion conducted with both nonoxide and oxide ceramics, the following remarks can be made.

This torsion balance, which allows adhesion measurements in vacuum, has proven to be valua-
ble in studying the interfacial properties of ceramics and metals. The main advantages

of this system are its simple, low cost, and accurate in-situ measurements. Forces as
small as 1 uN can be measured.

The adhesion of silicon nitride to silicon nitride contacts measured in dry, moist, and sat-
urated nitrogen atmosphere remains low at humidities below 80 percent but rises rapidly
above 80 percent. The adhesion at saturation is 10 times or greater than that below

80 percent relative humidity. The adhesion in a saturated atmosphere arises primarily from
the surface tension effects of a thin film of water adsorbed on the surfaces. The surface
tension of the water film was calculated as 58x10-2 to 65x10=3 N/cm. The accepted value

for water is 72.7x10-2 N/cm.

Adhesion characteristics of silicon nitride in contact with metals, like the friction char-
acteristics of silicon carbide to metal contacts, can be related to the relative chemical
activity of metals in ultrahigh vacuum. The more active the metal, the higher is the
adhesion.
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NOTATION

wn

diameter of the wire
natural frequency of the system
shear modulus for wire material

torsional stiffness of the wire (it takes the place of the spring constant k; the
value of K s the moment (torque) necessary to twist the wire a unit angle (1 rad))

polar moment of inertia of circular cross section

moment of inertia of the torsionally vibrating mass about the wire axis

length of the wire

torque (i.e., torsional moment)

angle (i.e., the angular displacement of the mass from its equilibrium position)
angular velocity

anguiar acceleration

natural period of the motion

natural angular frequency (or circular frequency), which is 2% times the natural
frequency fp



TABLE I. - TORSIONAL STIFFNESS K OF MUSIC WIRES

Equation Pretests | Adhesion measurements
K, N/mm K, N/mm
K obtained from Equation (2) 9.69 2.25
K obtained from Equation (10) 9.62 2.35
K obtained from Equation (11) 9.074 2.452
8.90b 2.25b

aA

wire was twisted in a direction of normal load to be applied

during adhesion experiments.

wire was twisted in a direction of pull-off force to be applied

during adhesion experiments.
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FIGURE 1. - SCHEMATIC DIAGRAM OF TORSION BALANCE
IN PRINCIPLE ADAPTED FROM THE CAVENDISH
BALANCE.
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FIGURE 5. - SCHEMATIC CONFIGURATION OF A FERRITE
PIN. GLASSES., AND A PERMANENT MAGNET (A FERRITE
PIN UNDER THE ACTION OF TRANSLATIONAL FORCE IN
A GRADIENT MAGNETIC FIELD PRODUCED BY A PERMA-
NENT MAGNET).
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FIGURE 6. - MAGNETIC FLUX DENSITY AS
A FUNCTION OF DISTANCE FROM A PER-
MANENT MAGNET IN LABORATORY AIR.
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FIGURE 7. - PULL-OFF FORCES AS A
FUNCTION OF DISTANCE BETWEEN A
PERMANENT MAGNET AND A Ni-Zn
FERRITE PIN.
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FIGURE 8. - PULL-OFF FORCES AS A
FUNCTION OF MAGNETIC FLUX DEN-
SITY AT AN INTERFACE BETWEEN A
FERRITE PIN AND A GLASS FLAT.
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FIGURE 9. - ADHESION AS A FUNCTION
OF HUMIDITY FOR A HEMISPHERICAL
SILICON NITRIDE PIN IN CONTACT
WITH A SILICON NITRIDE FLAT IN
DRY., MOIST., AND SATURATED NITRO-
GEN ATMOSPHERE.
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PULL-OFF FORCE, F. MmN
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FIGURE 11. - ADHESION FOR AS-RECEIVED AND ION-SPUTTER CLEANED CERAMIC-SizN, AND

METAL-Si 5N, INTERFACES.
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FIGURE 12. - PULL-OFF FORCE (ADHESION)
AS A FUNCTION OF THE PERCENTAGE
d-BOND CHARACTER OF METALS IN CON-
TACT WITH SILICON NITRIDE IN VACUUM.
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